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CHAPTER 1

INTRODUCTION AND MOTIVATION

1.1 Green Technology in Aviation
Green technology is a broad category encompassing various devices and practices
that seek to reduce or eliminate the negative effects of human industry on the environment,
such as greenhouse emissions and the overuse and waste of non-renewable energy sources.
Solar and wind power, more efficient and lower emission machinery, and minimizing water
use are just a few contemporary examples of green technologies. There are other “green”
concepts that have less to do with technology and more to do with how companies and
individuals go about their daily activities. Manually or autonomously turning off lights and
water when not in use are typical examples.
The aerospace industry is no exception in the effort to develop green technologies.
Numerous approaches are being considered with various levels of success. One approach
is to reduce the drag and weight of aircraft through more streamlined body shapes and
lighter materials to reduce the cruise thrust required and thus fuel burn. Modifying air
traffic control and flight operation to allow aircraft to descend directly from their cruise
altitude to landing without a sustained holding pattern can also reduce fuel consumption
and even noise emissions.[1]
Advanced engine designs can reduce fuel burn and resultant emissions. [2] The
National Aeronautical and Space Administration has been testing new biofuels that create

1

less carbon dioxide and nitrous oxide emissions while still producing similar amounts of
power as traditional fossil fuels. [3] However, testing biofuels requires extensive facilities,
a significant amount of chemical engineering, and money. New designs for hybrid electric
motors are being demonstrated in flight. [4] Solar energy has been demonstrated for
powering aircraft in long endurance flight. [5] However, the relatively low efficiency of
current solar cells means large surface areas are required to produce meaningful levels of
power. Solar cells obviously require sunlight to charge power cells, and thus very large
power cells are also needed to store enough charge to allow flight at night. Traditional
fossil fuels can still produce up to thirty times more power per weight compared to existing
solar cells. Large research investments are still needed to make biofuels and solar energy
viable aerospace power sources.

1.2 Energy Harvesting
Solar cells and wind turbines can be considered a form of energy harvesting from
the natural solar and atmospheric environments. Some historic aircraft have used winddriven auxiliary power units. However, energy harvesting in the strictest sense is acquiring
useful energy from sources that would normally be considered energy losses or sources of
inefficiency in a system. These sources include waste heat or passively induced vibrations.
One relatively new, but promising, energy harvesting approach for aviation
applications uses a bluff body mounted on the end of a thin cantilevered beam. Based on
the bluff body shape and mass, its orientation to the incoming airflow, the relative
airspeed, and the beam properties, an oscillatory or “galloping” motion can be induced in
2

the system. [6] Thin piezoelectric plates mounted to the beam are stressed during the
oscillatory motion so that they produce a voltage which generates a current and a small
amount of electric power. [7] A single galloping piezoelectric energy harvester (GPEH)
is not expected to be scalable to a level to supply primary engine power for aircraft.
However, an array of GPEH units might provide sufficient power for subsystems or
sensors and thus reduce the overall stored power requirements to accomplish a mission.

1.3 Objectives of this Research
The purpose of the research detailed in this thesis is to investigate the potential for
using a galloping piezoelectric energy harvester (GPEH) on a small, fixed wing
unmanned aerial vehicle (UAV). The specific project tasks include:
1. Design of a GPEH for this application.
2. Characterizing the harvester performance in a wind tunnel including galloping
speed, voltage, and power generation.
3. Measuring the harvester performance when mounted on a UAV during climbing,
cruise, turning and descending flight.
4. Observing the effects of harvester placement relative to the wing on performance.
5. Observing any adverse effects of the harvester on UAV performance such as
increased drag or reduced stability and control.

3

The results of this study will help determine if GPEH can be a viable secondary power
source for small aircraft. Successful demonstration at this small scale might also guide
future application on larger aircraft.

4

CHAPTER 2

GPEH DESIGN AND CHARACTERIZATION

2.1

The Piezoelectric Effect and Materials
Piezoelectricity in crystals was first directly demonstrated in the late 1800s by the

Curie brothers. [8] Inducing a periodic current through a piezoelectric material will produce
an oscillatory strain in the material at a characteristic frequency. In the case of quartz this
frequency is very uniform and is used to keep time in quartz watches. In the reverse case,
applying a stress in a piezoelectric material will generate an electric potential across the
material. If the stress is applied in a periodic fashion, the piezoelectric material will
continue to generate electricity. In addition to quartz and similar crystals, other materials
that exhibit piezoelectric properties include dry bone, natural materials like silk and wood,
and certain ceramics. Piezoelectric materials are used in ultrasonic generation and detection,
in sonar devices, and in electron tunneling microscopes to detect objects at an atomic scale.
In this research project alone, piezoelectricity is used in four separate devices: the galloping
energy harvesters, in a thermometer, in an accelerometer, and in a gyroscopic sensor on
one of the flight telemetry chips.
Galloping piezoelectric energy harvesting occurs when a force, in this case the force
of incident air on a bluff body, causes a cantilever beam to bend and oscillate. In turn, a
piezoelectric material attached to the cantilever beam also bends and oscillates. This
oscillating stress is converted into an electric potential in the piezoelectric material which
can be used to generate small amounts of power. This chapter describes the performance
5

of a GPEH. This process uses the physical characteristics of the cantilever beam and treats
its oscillatory motion as a simple mass-spring system. Using this approach, several
important characteristics can be predicted including the natural frequency of oscillation,
the airspeed at which galloping occurs, and the hysteresis range in which the jump
phenomena occurs. [9]
2.2

GPEH Design and Mounting
Before performance can be calculated, the physical characteristics of the GPEH

device must be measured and recorded. Figure 2.1 shows a schematic of the components
of a GPEH. Table 2.1 contains information about the specific GPEH fabricated by Dr. Felix
Ewere as part of his PhD research at UAH. [7] This energy harvester consists of a pine
wood bluff body attached to a stainless steel cantilever beam with a Lead Zirconium
Titanate Navy Type II fiber piezoelectric material strip on top of the beam. Values for the
piezoelectric material properties were obtained directly from the manufacturer, Smart
Material (www.smart-material.com), and are not available online at the time of writing. In
this research, the bottom piezoelectric strip was not present on the GPEH. Typically,
piezoelectric materials will be attached to both sides of the beam.

6
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Figure 2.1 GPEH Components and Important dimensions
Table 2.1: Dimensions of GPEH Used in this Research
Piezoelectric Material:

Lead Zirconium Titanate (PZT Navy II)
(www.smart-material.com)

Length (𝑥𝑝 )

56 mm (2.205 in)

Thickness (𝑦𝑝 )

0.3 mm (0.012 in)

Width (𝑧𝑝 )

28 mm (1.102 in)

Cantilever Beam:

Stainless Steel

Length (𝑥𝑏 )

57.15 mm (2.25 in)

Thickness (𝑦𝑏 )

0.7 mm (0.028 in)

Width (𝑧𝑏 )

30.6 mm (1.205 in)

Bluff Body Block:

Pine Wood

Length (𝑥𝑏𝑙𝑘 )

20.6 mm (0.8110 in)

Height (𝑦𝑏𝑙𝑘 )

20.6 mm (0.8110 in)

Width (𝑧𝑏𝑙𝑘 )

50.8 mm (2.00 in)

Mass (Block and Set Screw, 𝑀𝑡𝑖𝑝 )

10.3 g (0.023 lbs)

7

The GPEH works by using incident air on the surface of the bluff body to force the
body to oscillate up and down and bend the attached cantilever beam. This oscillatory beam
bending induces stress on the attached piezoelectric material. This stress is converted into
electricity due to the inherent properties of the material. The polarity of the voltage depends
on the direction the piezoelectric bends. This makes the current coming from the
piezoelectric essentially alternating current.
The CAD image on the right of Figure 2.2 shows the dimensions of the current
GPEH in millimeters. Previous research identified a significant design issue with the GPEH.
The cantilever beam that holds the piezoelectric material tends to sheer and fatigue near
mounting contact points under the oscillatory stress. In previous testing that is the basis for
current research, the beam was held in place by a hard metal clamp and severe metal fatigue
was found in the beam after testing. [10] For the current study, the cantilever beam is
attached to a square soft balsa wood strut with long wood screws, and this method of
mounting seems to have reduced fatigue in the beam as no visible fatigue was found after
testing. [9]

8

Figure 2.2 Galloping Piezoelectric Energy Harvester (GPEH). Dimensions in mm.
Due to the internal geometry and composition of the test aircraft’s wings, there was
not enough space to mount both threaded strut rods to a secure structural component. The
GPEH units mounted on each wing only had a single supporting bolt through the mid-point
of the two bolts as shown in the left photo in Figure 2.2.
Figure 2.2 shows another important design feature of the GPEH mounting strut.
The top two blocks can be removed to change the distance the GPEH hangs below the wing.
With all three blocks installed, the GPEH is at the low position (83.82 mm below wing).
Removing the top block places the GPEH at the middle position (58.42 mm below wing).
Using only the bottom block places the GPEH at the high position (33.02 mm below wing).
This allowed an investigation of how wing proximity affects the performance of the GPEH
and the voltage generated.
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2.3

Predicting GPEH Performance Characteristics
Modeling the GPEH as a spring-mass system allows a method using the physical

and geometric properties to predict certain performance characteristics such as natural
oscillation frequency and galloping speed. Following the approach of Ewere [7],[9],[10],
the vertical force applied to the bluff body is given by
1

𝐹𝑦 = 2 𝐶𝐹𝑦 𝜌𝑦𝑏𝑙𝑘 𝑧𝑏𝑙𝑘 𝑈 2,

(2.1)

where Fy is vertical force on the bluff body, CFy is a vertical force coefficient related to the
angle of the incident wind vector and aerodynamic parameters of the bluff body, ρ is air
density, 𝑦𝑏𝑙𝑘 is height of the block, 𝑧𝑏𝑙𝑘 is the width of the block, and U is the velocity of
oncoming wind. The coefficient, 𝐶𝐹𝑦 , can be determined based on the bluff body shape and
aerodynamics. Testing a GPEH over a range of incident air velocities and measuring force,
𝐹𝑦 , would allow an estimation of 𝐶𝐹𝑦 using Equation 2.1. Conversely, estimating 𝐶𝐹𝑦 and
measuring 𝐹𝑦 can be used to extrapolate air velocity incident on the front surface of the
bluff body. [6],[7] However, his approach requires significant experimental effort for each
GPEH design.
Modeling the GPEH as a spring-mass system allows a relatively simple method
using the physical and geometric properties to predict certain performance characteristics
such as natural oscillation frequency and galloping speed.[9] The spring constant, K, and
effective mass, M, must be determined to calculate the natural frequency by the equation
𝐾

𝜔 2 = 𝑀.
The natural frequency is related to frequency by 𝜔 = 2𝜋𝑓.
10

(2.2)

The spring constant is typically calculated by
𝐾 = ∭ 𝜀𝑇

𝑇
𝜀33

𝐸
2
33 𝑆11 −𝑑31

Here

𝑑2 𝛷

𝑑2 𝛷

𝑦 2 𝑑𝑥 2 𝑑𝑉𝑝 + ∭ 𝐸𝑏 𝑦 2 𝑑𝑥 2 𝑑𝑉𝑏 .

(2.3)

𝑇
𝐸
𝜀33
is the piezoelectric permittivity measured at constant stress, 𝑆11
is the

piezoelectric compliance, 𝑑31 is the piezoelectric constant, Φ is the first bending mode
shape, 𝐸𝑏 is Young’s modulus for the base beam, 𝑉𝑝 is the volume of the piezoelectric, and
𝑉𝑏 is the volume of the beam. One simplification is to treat the GPEH spring-mass system
as two-dimensional. This results in the following easier to solve version of Equation 2.3:
𝑥𝑏
1
𝐾 = 𝐸𝑏 𝑦𝑏3 𝑧𝑏 𝐵14 ∫ (𝜎1 𝑠𝑖𝑛ℎ(𝐵1 𝑥) + 𝜎1 𝑠𝑖𝑛(𝐵1 𝑥) − 𝑐𝑜𝑠ℎ(𝐵1 𝑥) − 𝑐𝑜𝑠(𝐵1 𝑥))2 𝑑𝑥 +
3
0
𝑇
1
𝜀33
3 4 𝑥𝑝
𝑇 𝑆 𝐸 −𝑑 2 𝑧𝑝 𝑦𝑝 𝐵1 ∫0 (𝜎1 𝑠𝑖𝑛ℎ(𝐵1 𝑥) + 𝜎1 𝑠𝑖𝑛(𝐵1 𝑥) −
3 𝜀33
11
31

𝑐𝑜𝑠ℎ(𝐵1 𝑥) − 𝑐𝑜𝑠(𝐵1 𝑥))2 𝑑𝑥.

(2.4)

Here, 𝐵1 is the first bending mode shape coefficient. The nondimensional coefficient, 𝜎𝑛 ,
is chosen depending on the configuration of the beam and bending modes. In this case,
𝜎𝑛 = 0.7341 because we are looking at the first bending mode shape. The inherent
properties of the material were obtained from the manufacturer, Smart Material, and are
documented in Table 2.2. Using these values, the spring constant is calculated using
Equation 2.4 to be K = 14.101 N/m.
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Table 2.2: Piezoelectric Material Properties for Calculating GPEH Spring Constant
(www.smart-material.com)
𝑇
𝜀33

-10.4268 F/m

𝑑31

-1.7E-10 m/V

𝐸
𝑆11

16.4E-12 m2/N

𝐸𝑏

180 GPa

The effective mass, M, must next be calculated. Because the cantilever beam and
piezoelectric both add mass, the tip mass cannot simply be used. The effective mass is
calculated by
𝑀 = ∭ 𝜌𝑏 Φ2 𝑑𝑉𝑏 + 2 ∭ 𝜌𝑝 Φ2 𝑑𝑉𝑝 + Φ2 (𝑥𝑏 )𝑀𝑡𝑖𝑝

(2.5)

Again, assuming a simplified two-dimensional beam, this can be expanded to:
𝑥

𝑀 = 𝜌𝑏 𝑦𝑏 𝑧𝑏 ∫0 𝑏(−𝜎1 (𝑠𝑖𝑛ℎ(𝐵1 𝑥) − 𝜎1 𝑠𝑖𝑛(𝐵1 𝑥)) ∓ 𝑐𝑜𝑠ℎ(𝐵1 𝑥) − 𝑐𝑜𝑠(𝐵1 𝑥))2 𝑑𝑥 +
𝑥

𝜌𝑝 𝑦𝑝 𝑧𝑝 ∫0 𝑝(−𝜎1 (𝑠𝑖𝑛ℎ(𝐵1 𝑥) − 𝜎1 𝑠𝑖𝑛(𝐵1 𝑥)) ∓ 𝑐𝑜𝑠ℎ(𝐵1 𝑥) − 𝑐𝑜𝑠(𝐵1 𝑥))2 𝑑𝑥 +
(−𝜎1 (𝑠𝑖𝑛ℎ(𝐵1 𝑥𝑏 ) − 𝜎1 𝑠𝑖𝑛(𝐵1 𝑥𝑏 )) ∓ 𝑐𝑜𝑠ℎ(𝐵1 𝑥𝑏 ) − 𝑐𝑜𝑠(𝐵1 𝑥𝑏 ))2 (𝑥𝑏 )𝑀𝑡𝑖𝑝 .

(2.6)

Here, 𝑥𝑏 is the total length of the beam (see Figure 2.1), 𝑀𝑡𝑖𝑝 is the mass of the bluff body,
and 𝜌𝑏 and 𝜌𝑝 are the densities of the stainless steel beam (7700 kg/m3) and piezoelectric
material (7800 kg/m3), respectively. Applying these in equation 2.6, the effective mass is
calculated to be M = 0.047 kilograms. With both the spring constant and effective mass
calculated, Equation 2.2 was used to calculate the value of natural frequency to be ω =
17.39 s-1. This value is very close to the experimental natural frequency determined from
measurements as discussed in Chapter 3.
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At a certain incident windspeed, the GPEH will begin oscillating in a sinusoidal
fashion instead of just vibrating randomly. The speed at which this happens is called the
galloping speed or activation speed. Also, within a narrow range of speeds, the oscillations
will show a sudden increase in magnitude known as the jump phenomena. The range of
speeds across which the jump phenomena happens is the hysteresis range. The galloping
speed and hysteresis range speeds associated with the jump phenomena can now be
determined using the mass-spring approach.
The galloping speed for a GPEH device can be calculated by

𝑈𝑔 =

4𝜉+2𝛽𝑠𝑖𝑛
𝐴1 𝜂

𝛾
𝑎

,

(2.7)

where 𝜉 is a non-dimensional damping ratio. The damping ratio was determined for this
GPEH by pulling the bluff body up and releasing it to determine how quickly the system
damps. Figure 2.3 shows the graph of voltage, which is directly related to the amplitude of
the system, over time.
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Figure 2.3: Displacement Voltage Data Used to Calculate Damping Ratio of the GPEH
This voltage data can be used to find the damping coefficient, c, by fitting the curve
given by
𝑦 = 𝐴 ∗ 𝑒 −𝑐𝑡 ∗ cos(𝜔𝑡 + 𝜑).

(2.8)

Here A is the amplitude, c is the damping coefficient, t is time, ω is natural frequency, and
𝜑 is the phase angle. By inserting the values already specified or calculated, such as natural
frequency, and by examining the data for max amplitude in Figure 2.3, c is found to be .554.
The critical damping coefficient is determined by
𝑐𝑐𝑟𝑖𝑡 = 2√𝐾𝑀.

(2.9)

Using the previously calculated values for K and M, the critical damping coefficient is
found to be 𝑐𝑐𝑟𝑖𝑡 = 1.622. The non-dimensional damping ratio is calculated by dividing the
damping coefficient by the critical damping coefficient to obtain c/ccrit = 𝜉 = .342.
The capacitance of the piezoelectric is determined by
14

𝑆
𝜀33
𝑥𝑝 𝑧𝑝

𝐶𝑝 =

= 9.826 ∙ 10−11 𝐹

𝑦𝑝

(2.10)

Additional non-dimensional parameters used to determine 𝑈𝑔 are calculated using the
following equations:
𝑦𝛷" 𝑘31

𝛩 = 𝜆𝑖 ∭ 𝑑

2
31 (1−𝑘31 )𝐴𝑝

𝛽=

𝛩2 𝐶𝑝
𝐾

𝜂=

𝑑𝑉𝑝 = −5430.9 𝑉/𝑚

= 1.6668 ∙ 10−4

𝜌𝐴𝑏 𝑙
𝑀

= .03484

(2.11)

(2.12)

(2.13)

𝛼 = 𝜔𝑅𝐶𝑝 = 1.7085 ∙ 10−4

(2.14)

𝑎 = √𝛼 2 + 𝜆2 2 = 1

(2.15)

𝛼

𝛾 = tan−1 𝜆 = 1.7085 ∙ 10−4
2

(2.16)

Using these measured and calculated values and Equation 2.7, the galloping speed is
calculated to be Ug = 15.169 m/s (29.5 knots).
The galloping speed can be used to calculate the hysteresis range speeds by
𝑈1,2 =

𝑈𝑔
35
35𝐴7
1+
𝑍 ∓
𝑍
64𝐴1 1 64𝐴1 2

The Z1 and Z2 coefficients are calculated using the equations
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(2.17)

1024𝐴3

𝑍1 = 9261𝐴25 −

128𝐴3 𝐴5

7

4

(2.18)

245𝐴7

64𝐴2

48𝐴

𝑍2 = √− 27 (− 147𝐴52 + 35𝐴3 )3
7

7

(2.19)

The A coefficients used in these equations were calculated in a 1969 paper by Novak [11]
and are shown in Table 2.3 for a square cross-section body shape on a cantilever beam.
These values are the same for any square section body on a cantilever beam regardless of
size.
Table 2.3: Square Section Body Coefficients
A1

2.69

A3

-93.33

A5

2411.54

A7

-17617.65

The resultant hysteresis speeds calculated using Equation 2.17 are U1 = 22.994 m/s (44.70
knots) and U2 = 23.474 m/s (45.63 knots). These values line up very closely to the measured
jump phenomenon speeds presented in Chapter 3.
The last GPEH performance parameter calculated was the maximum voltage vs. air
speed. This was accomplished by calculating following coefficients over a range of speeds
from 15.4 m/s (30 knots) to 36.0 m/s (70 knots):

𝑐0 =

𝐴1 𝜂𝑈
4

−𝜉−

16

𝛽 sin 𝛾
2𝑎

(2.20)

3𝜂𝐴3

𝑐1 =

16𝑈

5𝜂𝐴

𝑐2 = 32𝑈53
35𝜂𝐴

𝑐3 = 256𝑈75

(2.21)

(2.22)

(2.23)

These coefficients were then substituted into the amplitude (Yo) equation
𝑐3 𝑌07 + 𝑐2 𝑌05 + 𝑐1 𝑌03 + 𝑐0 𝑌0 = 0,

(2.24)

and the smallest positive real root was determined for each speed. These roots were then
used to determine the charge generated by
𝛽
𝑄̅ = − 𝑎 𝑌0 sin(𝛹 − 𝛾).

(2.25)

The current can subsequently be calculated from charge by

𝐼=

𝑑𝑄̅
𝑑𝑡

.

(2.26)

The voltage can then be determined by Ohm’s law
𝑉 = 𝐼𝑅,

(2.27)

where R is resistance.
These various performance calculations were incorporated into a MatLab code (see
Appendix A) to calculate the correlation between wind speed incident on the bluff body
and GPEH voltage generated. This data is displayed in Figure 2.4 as a graph of voltage
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over a range of airspeeds from 15.4 m/s to 36.0 m/s (30 to 70 knots). Note that the
calculated galloping speed, 𝑈𝑔 , and the hysteresis speeds, 𝑈1,2, are also shown.

𝑈2
X
𝑈1
X

𝑈𝑔
X

Figure 2.4: Predicted GPEH Voltage vs. Incident Airspeed
Using the calculated voltage values from Figure 2.4, the GPEH power output vs.
airspeed graph can be calculated using an alternate form of Ohm’s law

𝑃=

𝑉2
𝑅

= 𝐼 2 𝑅.

(2.28)

The resistor attached to the physical circuit has a resistance of 𝑅 = 100𝑘𝛺. As shown in
Figure 2.5, the predicted power generated by this GPEH is very small, less than 3 mW at
36 m/s (~70 knots). However, as shown in Chapter 3, these predicted values match up very
closely with the experimental values measured in wind tunnel testing of the GPEH.
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Figure 2.5: Predicted GPEH Power vs. Airspeed (𝑅 = 100𝑘𝛺)
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CHAPTER 3

GPEH WIND TUNNEL TESTING

3.1 Test Facility
The GPEH was tested in the UAH low speed wind tunnel to investigate and confirm
its performance in a controlled aerodynamic environment. The GPEH mounted in the 12
inch x 12 inch cross-section test section is shown in Figure 3.1. The airflow moves from
left to right. A plate was mounted to the test section floor and the GPEH mounting strut
was attached to the plate such that the bluff body was at the approximate vertical centerline
of the test section. This distance (152.4 mm) is almost twice the distance of the low GPEH
position (83.82 mm), but was necessary to get the most accurate wind tunnel windspeeds.
The GPEH is visible through the circular access port window. The piezoelectric strip was
wired through a separate hole to an Arduino data collection unit described in Chapter 4.
The wiring setup is identical to what was used in flight testing. The Arduino data
acquisition operating code is provided in Appendix B.
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Figure 3.1: GPEH Mounted in the UAH Low Speed Wind Tunnel. Airflow is from Left
to Right
The wind tunnel does not include an anemometer, so airspeed cannot be recorded
directly. Instead, the tunnel uses a Pitot-static probe which allows the airspeed, u, to be
calculated from measured dynamic pressure based on a modified form of Bernoulli’s
equation
2∙(𝑝𝑡 −𝑝𝑠 )

𝑢= √

𝜌

(3.1)

,

where 𝑝𝑡 is the total pressure, 𝑝𝑠 is the test section static pressure, and 𝜌 is air density.
Assuming incompressible flow, the air density is calculated from the measured pressure
and temperature in the lab room using the ideal gas law
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𝑃

𝜌 = 𝑅𝑇,

where R is the specific gas constant of 287

𝐽
𝑘𝑔 𝐾

(3.2)

for standard air. Based on the measured

room pressure and temperature of 99,100 pascals and 24.0 °C, respectively, the calculated
air density was 1.163 kg/m3. A differential transducer measured the difference in total and
static pressures in the test section from the Pitot-static probe. The transducer was calibrated
to output in inches of water (inH2O). After testing was completed, it was found that the
zero value for the transducer had dropped by only -0.003 inH2O (.75 Pascals), so the data
gathered should be quite precise.

3.2 Wind Tunnel Results

An Arduino data acquisition system, described in detail in Section 4.3, was used to
collect GPEH data. For wind tunnel testing, the system was powered by a USB connection
instead of the battery power used for flight tests. If possible, a slow airflow acceleration to
45 knots would have been performed to determine at exactly what speed galloping or the
jump phenomenon occurs. However, the delay in airflow acceleration as the tunnel drive
fan ramped up meant there is no way to get GPEH data for a slow acceleration to the
hysteresis speed. Therefore, there is no accurate means to determine exactly when the wind
tunnel hits the activation (galloping) speed or hysteresis range in regard to the time and
voltage data from the GPEH system.
There were concerns that the GPS libraries run by the Arduino were filtering data.
Therefore, a test was run at 23.15 m/s (45 knots), near the predicted upper hysteresis speed
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of 23.474 m/s (45.63 knots) without the GPS libraries enabled. The unfiltered GPEH output
voltage data is shown in Figure 3.2. The sinusoidal alternating voltage output clearly
indicates galloping is active, and the higher voltage peaks indicate the jump phenomenon
has occurred. This indicates the GPEH is operating as expected.
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Figure 3.2: GPEH Voltage Generated in Wind Tunnel at an Airspeed of 23.15 m/s (45
knots)
Collected GPEH flight test data, presented in Chapter 5, was found to be much
smoother than expected. An investigation indicated that the internal Arduino libraries for
the GPS appeared to be filtering the data so that sudden changes in GPS output would not
affect the calculations for speed and orientation. This had a side effect of filtering and
smoothing all data processed by the Arduino. Two wind tunnel tests were performed at
the UAV cruise speed of 34.98 m/s (68 knots) - one with and one without the Arduino
GPS libraries - to see if indeed the libraries filtered and smoothed the data. Figure 3.3
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shows the GPEH voltage data measured in the wind tunnel with the Arduino libraries off.
Figure 3.4 shows the GPEH voltage data measured with the Arduino libraries turned on.
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Figure 3.3: GPEH Voltage Generated in Wind Tunnel at an Airspeed of 34.98
m/s (68 knots) with Arduino Libraries Off (Unfiltered Data)
20
15

Voltage (V)

10
5
0
-5
-10
-15
-20
0

0.5

1

1.5

2

2.5

3

3.5

4

Time (s)

Figure 3.4: GPEH Voltage Generated in Wind Tunnel at an Airspeed of 34.98
m/s (68 knots) with Arduino Libraries On (Filtered Data)
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These two tests were performed sequentially without stopping the wind tunnel in
an attempt to make the conditions as equivalent as possible. As shown, the filtered data in
Figure 3.4 is clearly much smoother than the unfiltered data in Figure 3.3. The unfiltered
data in Figure 3.3 is very jagged, similar to Figure 3.2. This jagged appearance is caused
by vibration in the GPEH that isn’t due to the galloping oscillation and by the GPEH not
bending the piezoelectric as much as expected while galloping. The incident wind will
not always push the bluff body all the way up or down, but the frequency of oscillation
remains fairly consistent as long as the airspeed is above the activation (galloping) speed.
These results helped in interpreting the flight data presented in Chapter 5.
A matrix of airspeeds from 15.5 m/s to 35.1 m/s (30 knots to 70 knots) was next
run to confirm galloping and the hysteresis range. The measured max voltage at each
speed setting is plotted in Figure 3.5. The theoretical values for voltage output calculated
as described in Chapter 2 are plotted on top of the experimental values. The close
correlation between theoretical and experimental measurement gives confidence in the
GPEH operation.

25

𝑈2

𝑈1
𝑈𝑔

Figure 3.5: GPEH Experimental and Theoretical Voltage vs. Airspeed
The activation (galloping) speed (𝑈𝑔 ) is around 15.5 m/s (30.1 knots), which is
consistent with the calculated value. The oscillation before the activation airspeed was
due more to random vibration than periodic motion, with occasional large peaks and no
discernable frequency of oscillation. After the activation speed was reached, the
oscillation produces voltage traces similar to Figures 3.2 and 3.3. The rapid voltage
change at airspeeds between 22.5 and 23.5 m/s (43.9 and 45.8 knots) is consistent with
the calculated 𝑈1 to 𝑈2 in the hysteresis range. Before and after these values, voltage
appears to increase with airspeed in an almost linear fashion. The sudden increase in
voltage can be attributed to the jump phenomenon, where hysteresis in low cycle
oscillations is caused by aerodynamic forces on a square section bluff body.
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Another important consideration is the maximum power generated by the GPEH.
As noted in Chapter 2, P can be calculated from voltage by equation 2.28 repeated here,
𝑃=

𝑉2
𝑅

.

(3.3)

The resistor picked for this Arduino circuit has a resistance of 𝑅 = 100𝑘𝛺. A graph of
theoretically predicted power and the power calculated from the experimentally measured
voltages with respect to speed are shown in Figure 3.6.

𝑈2

𝑈𝑔

𝑈1

Figure 3.6: GPEH Experimental and Theoretical Max Power vs. Airspeed
The power generated is very small, with the cruise airspeed of 35.0 m/s (68 knots)
producing only 0.27 mW. This means the GPEH could only be used to power something
with very low power requirements, such as a sensor. It is also important to note that this
is max power. The actual power output will vary between this max and zero when the
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voltage is zero during the periodic motion. To alleviate this effect, a capacitor could be
used to produce an average power that is lower than the max power, but is also more
consistent.
The measured voltages and derived power values shown in Figures 3.5 and 3.6
compare very well to the theoretical predictions. This provides confidence in the GPEH
design and in the operation of the data acquisition system.
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CHAPTER 4

GPEH FLIGHT TESTING

4.1

Test Aircraft
A SIG Rascal 110 ARF was used for flight testing the galloping piezoelectric

energy harvester (GPEH). The Rascal 110 is an electric-powered radio control aircraft.
It has a wingspan of 110 inches, an elliptic wing planform area of 1522 in2, and a body
length of 76 inches (see Figure 4.1). The wings are high-mounted and strut supported.
The engine cowling was missing and no longer in stock, so a new one was fabricated
(see Figure 4.2). Balsa wood is easier to machine and form and was used for the
cowling material rather than the original fiberglass. The aircraft weighed a total of
12.4 pounds at takeoff including 1.25 pounds of flight and data recording equipment.
Each GPEH weighs only .24 pounds.
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Figure 4.1: SIG Rascal 110 ARF

Figure 4.2: SIG 110 With New Balsa Engine Cowl Attached

Figure 4.3 shows a CAD model and photo of the SIG aircraft and indicates where
a GPEH is mounted under each wing. Both energy harvesters were active and yielded
voltage data. A GPEH is very small compared to the wing span and chord. Therefore, it
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was expected to have minimal effect on the aircraft drag and stability. However, the bluff
body and mounting strut will disrupt and redirect the incident air. In fact, this disruption is
exactly what causes the galloping. There might be unexpected interactions between the
GPEH and wing.

GPEH
Figure 4.3: CAD Model and Photo of SIG 110 Aircraft Showing a GPEH Mounted
Under Each Wing

4.2

Aircraft Performance Analysis
A preliminary stability analysis was performed to alleviate any concerns about

negative impacts of the GPEH on aircraft flight and control. The Advanced Aircraft
Analysis (AAA) software developed by DAR Corp. was used. [12] AAA can simulate
aircraft aeromechanics performance over a variety of flight conditions. A user friendly
interface is provided to input the aircraft geometry through cross-sectional lofting and
component buildup. There are also prompts for entering mass properties and propulsion
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parameters. The user can then request a range of analyses including stability, drag, and
even the cost of fabrication materials.
An attempt was made to model the full geometry of each GPEH in AAA. There
was not a protuberance option, only options to attach pylons. Also, AAA does not allow a
pylon (the energy harvester) to be attached to a pylon (the balsa wood holder), which would
be needed to treat the energy harvester and the holder as two separate objects. Therefore,
the final GPEH model in AAA only included the cantilever beam and bluff body without
the strut attaching them to the aircraft wing.
Simulations were run with and without the GPEHs attached and the drag and
longitudinal stability derivative coefficient, 𝐶𝑚𝛼 , was calculated for each case. The two
GPEH bluff bodies increased the total drag by less than 1%. The predicted longitudinal
stability derivative coefficient without the GPEHs attached was 𝐶𝑚𝛼 = -0.569/radian. This
is a relatively low value for fixed wing aircraft (average values are -3/radian for 𝐶𝑚𝛼 ). This
indicates the basic SIG aircraft is close to neutrally stable. The addition of the energy
harvester decreased 𝐶𝑚𝛼 to -0.536/radian indicating a slight reduction in longitudinal
stability. This minimal change in longitudinal stability was caused by several factors. The
drag of the GPEH bluff body hanging below the wing caused a slight pitch down moment.
Mounting the GPEHs near the wing leading edge shifted the C.G. slightly forward. The
decrease in longitudinal stability was small, but with an aircraft already close to being
neutrally stable, caution is advised. If the harvesters were mounted on a smaller aircraft,
the effect on stability could be more significant.
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4.3

Data Acquisition System
The data acquisition system for this project consisted of an Arduino Uno with a SD

card read/write shield, a GPS breakout board from Adafruit, and an MPU 6050 gyroscope
accelerometer. Table 4.1 lists the specifications for the data acquisition components. This
same system was also used in the wind tunnel experiments discussed in Chapter 3.
Table 4.1: Data Acquisition System Components and Specifications
Component

Function

Specifications

MPU-6050

Gyroscope, Accelerometer,
and Thermometer

16384 = 1G, 131 = 1
rev/sec, Temperature is
accurate

GPS Breakout Board

Latitude, Longitude,
Velocity, Angle, Altitude

-165 dBm sensitivity, 10
Hz updates, 66 channels

SD Card Shield

Read/Write to SD or
MicroSD card

4 analog channels at 10-bit
resolution

Arduino Uno

Microcontroller

Loads code and runs DAS
program

8 AA Battery Pack

Power Data Acquisition
System

12.0 V, 0.4 lbs

100 kΩ Resistors

Provide resistance for
GPEH voltage

100 kΩ

The Arduino reads information from the GPS, MPU 6050, and voltage from the
galloping piezoelectric materials through analog ports 1, 2, 4, and 5 and digital ports 2 and
3. A wiring diagram for this setup made in Fritzing software is shown in Figure 4.4. To
clarify, the right and left wing are defined by looking forward from an onboard pilot’s
perspective.
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Energy Harvester
Left Wing
Bridge Rectifier
Energy Harvester
Right Wing

Figure 4.4: Fritzing Diagram of Data Acquisition Circuit
The MPU 6050 chip is attached to the Arduino by the 3.3v, ground, and analog
ports 4 and 5. The data from the 6050 chip comes through the SDA and SCL ports on the
chip into analog ports 4 and 5. The MPU chip reads the acceleration and gyroscopic forces
of the Arduino, which is assumed to be the same as the aircraft, and outputs the data along
with the temperature of the surrounding air. The GPS breakout board simultaneously
outputs latitude, longitude, velocity, angle, and altitude and is connected to the 5v, ground,
and digital ports 2 and 3. The data from the GPS updates at a tenth of the rate of data taken
by the MPU chip.
Because the voltage across the piezoelectric beam oscillates with the galloping, the
current is effectively AC. However, most components on a radio-controlled aircraft use
direct current. The alternating current from the right wing GPEH was run through a bridge
rectifier, which is essentially four diodes connected in such a way that alternating current
is converted into direct current. Flight voltage data collected from the left wing GPEH
(non-inverted) is compared to voltage data from the right wing GPEH (inverted) in Figure
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4.5. The data was taken from both GPEH devices at the same time during cruise flight. The
data from both devices are filtered due to the GPS libraries discussed in Chapter 3.
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Figure 4.5: Comparison of the GPEH Source Voltage with the Voltage Through the
Converter at Cruise Flight of 34.3 m/s (66.7 knots)
Left wing GPEH current is read directly by the Arduino and produces the expected
sinusoidal voltage trace. The right wing current goes through the bridge rectifier first. This
produces only positive voltage and also reduces the maximum voltage. Although this can
be treated as direct current, it pulses due to the oscillation of the GPEH. A capacitor would
be needed to create constant direct current. Inverted data from the right GPEH is not
considered in Chapter 5 because it becomes difficult to read on graphs and provides no
additional useful data.
The data acquisition system records flight and voltage data once every 10
milliseconds. Over the course of a twelve and a half-minute flight, which was the average
35

test flight time, almost 78,000 temporal data points were gathered. Each time point includes
seventeen associated data values: time; acceleration in the X, Y, and Z directions;
gyroscopic acceleration in the X, Y, and Z directions; temperature; latitude; longitude;
latitude degrees; longitude degrees; speed; angle of attack; altitude; non-inverted voltage
direct from the left GPEH; and inverted voltage from the bridge rectifier attached to the
right GPEH (which was not considered). The output data files for each flight, consisting of
a set of five maneuvers, included almost 1200 MB of data. That is over a fourth of the 4
GB SD card storage capacity.
For clarity’s sake, the directions for the body frame telemetry axes are shown in
Figure 4.6. It is important to note that the Z-axis points down from the aircraft toward the
ground. Positive moment directions are counterclockwise for all axes. Because these axes
are body fixed, meaning the center of gravity is the origin and the X-axis is always along
the centerline of the body, the force due to gravity will also affect the X and Y axis forces
when the aircraft pitches or rolls.

Y

X
Z

Figure 4.6: Aircraft Body-Fixed Axis Definition
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The values for acceleration and gyroscopic forces were zeroed using the values of
the MPU-6050 at rest both before and after each flight. The average values are shown in
Table 4.2. Note that 16384 = 1 G for acceleration and 131 = 1 revolution/sec for the gyro.
Table 4.2: Average Values to Zero MPU-6050 Accelerometer and Gyroscope
X (roll) - Acceleration

562

Y (pitch) - Acceleration

-331

Z (yaw) - Acceleration

16465

X (roll) - Gyroscope

-123

Y (pitch) - Gyroscope

-124

Z (yaw) - Gyroscope

-121

The Arduino code for the data acquisition system is provided in Appendix B. The
library for the GPS board is robust such that manual calibration is not needed. All of the
necessary startup and initialization tasks are automatically performed once the board is
powered on. However, the GPS board requires a few minutes to acquire its initial position
and the refresh rate of 10 Hz is 10 times slower than the data rate from the MPU-6050 chip.
For more precise measurements, this would be an issue, especially in the case of rapid
changes of direction. However, every flight maneuver took several seconds. Therefore, this
lower refresh rate was adequate to provide useful data on position, speed, and altitude.
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4.4 Flight Test Objectives and Plan

It was expected that the flight mode would have a large impact on GPEH
performance. The aerodynamic induced galloping of the cantilevered bluff body varies
with its angle of attack to the incoming flow. An angle of attack greater or less than zero
degrees will reduce the vertical force and thus the power generated. The distance from the
bottom of the wing to the bluff body was also expected to have some effect on the amount
of power generated. The airflow squeezing between the lower wing surface and the bluff
body may prevent the GPEH from oscillating the full vertical distance. This decrease in
potential amplitude will reduce the power generated. It was hoped that the GPEH would
generate more power than is removed from the aircraft system due to added drag and
interference effects on the wing.
A flight test plan (Table 4.3) was defined to help answer these questions about
GPEH performance. An initial study was conducted based on three flights, each consisting
of the following segments: takeoff, several legs of straight and level cruise flight, constant
rate left and right turns around a pylon, several climbs and dives, and landing. Each of these
flights had the GPEH affixed at a different distance below the wing: low (83.82 mm or 3.3
in), middle (58.42 mm or 2.3 in), and high (33.02 mm or 1.3 in). Table 4.3 summarizes the
experimental flight plan.

Table 4.3: Experiment Flight Plan
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Test

Flight Segment

Setup

Attach Battery, Test Arduino, and Connect Transmitter

Test

Test Flight Without Data Recording

1 (Low)

Takeoff, Cruise, Constant Turns, Climb, Dive, Landing

Break 1

Change Battery and Copy Arduino Data

2 (Mid)

Takeoff, Cruise, Constant Turns, Climb, Dive, Landing

Break 2

Change Battery and Copy Arduino Data

3 (High)

Takeoff, Cruise, Constant Turns, Climb, Dive, Landing

Complete

Disconnect Battery and Copy Arduino Data

The battery was replaced and data was transferred from the SD card on the Arduino
between each approximately twelve and a half minute flight,. This was done out of concern
for battery life and storage limits of the SD card. In addition, the data acquisition program
was written in such a way that if data had not been copied after each flight, the telemetry
data from the Arduino would have been in one extremely large file with no easy way to
determine where one flight ended and another flight began.
The first test flight series did not include a GPS module, and the GPEH data could
not be correlated to the flight telemetry data. The data presented in this thesis was collected
with GPS data in a second series of flights flown at Summit Field in Chattanooga, TN with
the help of the Chattanooga Radio Control Club. Additional experienced RC pilots were
present at the second flight. These extra people helped call out when to start turns and
recorded times and durations of different maneuvers, especially the duration of one full
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rotation of the constant rate turn to assist the pilot in accomplishing the flight objectives.
Their help mitigated the lack of a real time data transmission system.
Each flight was completed successfully, and relevant data was obtained. The
average flight time from takeoff to landing was roughly twelve and a half minutes. The
data recorded during each flight totaled roughly 78,000 temporal data points, all of which
contained filtered data due to the GPS libraries. Of the data collected, only about 7,000
temporal points were used in the analysis of the GPEH performance. The specifics of this
data and analyses are presented in Chapter 5.
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CHAPTER 5

Flight Test Results

5.1 Cruise Flight

Cruise flight was assumed to be the optimal flight condition for GPEH performance.
Therefore, level cruise flight is examined first to set a baseline for what GPEH voltage
output and power levels to expect. Figure 5.1 is a graph of the voltage generated for the
left wing GPEH mounted in the low position (83.82 mm or 3.3 inches below the wing) at
a flight speed of 34.3 m/s (66.7 knots). It is important to note that this cruise speed is
significantly higher than the calculated galloping initiation speed of 15.2 m/s (29.5 knots)
and the hysteresis upper range of 23.5 m/s (45.7 knots). As shown in Figure 5.1, the GPEH
voltage is generated as an alternating current as the cantilever beam bends upwards and
then downwards, reversing the current with each change in direction.
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Figure 5.1: GPEH Voltage Trace for Low Mounting Position at Cruise Flight of 34.3 m/s
(66.7 knots)
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There were three flights, each with the piezoelectric mounted at different distances
below the wing: low (83.82 mm or 3.3 in), middle (58.42 mm or 2.3 in), and high (33.02
mm or 1.3 in). Figure 5.2 shows the GPEH voltage data for each mounting position at
approximately the same cruise speed. The variation of flight speed over the same time
segments is also shown. Phase shifts were applied to align the peaks so that max voltages
can be directly compared. The values in the legend are the average speed in knots for each
flight.
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Figure 5.2: GPEH Voltage Trace for Three Mounting Positions in Cruise Flight
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It was hypothesized that the distance between the lower wing surface and the GPEH
would influence the voltage generated. Figure 5.3 shows a magnified view of several
voltage peaks from Figure 5.2. As the GPEH was placed closer to the wing (high
placement), the peak positive voltage decreased while the lowest voltage became slightly
more negative. This suggests the cantilever beam upward deflection is limited by the wing
proximity while the maximum downward deflection was still attained. However, this effect
of wing proximity is fairly minimal and the piezoelectric appears to perform effectively at
all three heights. The small variation in flight speed may also make a slight contribution to
this behavior.
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Figure 5.3: Magnified View of GPEH Voltage Trace for Three Mounting Positions in
Cruise Flight
As shown in Figure 5.3, there is some slight jaggedness in the data near the peaks,
but the curves are relatively smooth. This is due to the filtering examined in Chapter 3
during the wind tunnel testing. The Arduino GPS libraries have smoothed the data in order
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to assure that data being transmitted by the GPS remains consistent. This smoothing
removes the flutter that would normally be seen where the GPEH vibrates or is buffeted by
the wind, especially at the apex of oscillation.

5.2 Constant Turn Flight

The next flight segment considered was a series of constant rate turns. Each of these
turns were long and steady, barely pulling 1 G as measured by the gyroscope. Turns to both
the right and left were performed, and each turn was at least six full loops of 360°. Figure
5.4 shows the right and left turn voltage data for the GPEH in the low mounting position
during turns of approximately 1 rad/sec. This is the non-inverted GPEH (not connected to
the bridge rectifier) fixed to the left wing. The different direction of turns affects the voltage
generated. Right turns slightly increase the peak voltage compared to the left turns. The
aircraft banks to turn. Therefore, the left wing is higher than the right wing in a right turn,
meaning the left wing must travel farther than the right wing in the same time. The slightly
higher relative airspeed in the right tun produces a slight peak voltage increase. This effect
would be even more pronounced if the GPEH was placed even farther outboard toward the
wing tip. Wing dihedral would also affect the GPEH performance at these outboard
locations. The effects of span placement on GPEH performance should be studied in the
future.
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Figure 5.4: Left Wing GPEH Voltage Trace for the Low Mounting Position
During Constant Rate Turns
Note that the peak voltage output in a turn is slightly less than for the cruise flight
segments shown in Figures 5.1 and 5.2. First, the turns were performed at an average flight
speed of 33.1 m/s (64.3 knots) which is a little lower than the average cruise speed of 34.26
m/s (66.6 knots). In addition, turning produces a different angle of attack and a side slip
angle in the wind velocity impacting the bluff body. This reduces the magnitude of the
aerodynamic force that induces galloping.
Figures 5.5 and 5.6 show the voltage data from the GPEH at the three mounting
positions (low, middle, high) relative to the underside of the wing during turns. The turn
rate with time and the average flight speeds for each segment are also provided. There is a
larger variation in turn rate (about 0.07 rad/s) for the high positioned GPEH in a right turn
than for the other turn segments. This might have a small effect on the voltage output.
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Figure 5.5: Left Wing GPEH Voltage Trace for Three Mounting Positions During Right
Turns
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Figure 5.6: Left Wing GPEH Voltage Trace for Three Mounting Positions During Left
Turns
The voltage data for turning flight exhibits similar behavior to the cruise flight
segments. The peak voltage magnitudes are again lower in turning flight than in cruise due
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to the lower average flight speeds. The GPEH performance as a function of location relative
to the wing lower surface is also similar. As the GPEH is mounted farther from the wing,
larger amplitude galloping is possible, and a slightly higher peak voltage is generated.
Closer proximity to the wing also appears to increase the fluctuations in the voltage trace,
probably due to increasing influence of the wing on the flow around the bluff body. As the
turn rate increases, the max amplitude of the voltage trace sinusoid decreases due to the
angle of oncoming wind being more off center of the bluff body.
The graphs below each data set show the turn rate over time for each flight. It
appears that turn rate does slightly affect the GPEH output because of the angle of incident
wind on the forward face of the bluff body. However, the drop in speed compared to cruise
flight likely is the largest reason for the reduced voltage production during these turns.

5.3 Climbing and Descending Flight

It is expected that the GPEH will be most effective in generating useful power
during cruise and turning flight segments. There was also an interest in investigating the
performance during the shorter duration climbing and descending flight phases. The rapid
change in altitude and airspeed will affect how the GPEH produces voltage. Figure 5.7
shows the effects of climbing and descending angle on GPEH voltage output for the low
wing mounting position.
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Figure 5.7: Left Wing GPEH Voltage Trace for Low Mounting Position During Climb
and Descent
The climb and descending flight speeds are slightly lower than cruise, averaging
33.4 m/s (64.9 knots) and 32.8 m/s (63.8 knots), respectively. The resultant peak voltages
for the descending flight are similar magnitudes to the cruise data, but are slightly skewed
to the negative side. This is likely due to the incident wind impacting more on the top of
the bluff body rather than the front.
The GPEH voltage production is significantly less during aircraft climb. The flight
speed is slightly lower than cruise for this particular flight segment. The sinusoid voltage
trace also appears to damp over time which reflects a decreasing climb speed. In climb, the
incident wind impacts more on the lower surface of the bluff body. This may increase the
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vertical motion toward the wing. This could also impact the wing interference effects on
the GPEH output.
The effects of GPEH mounting position relative to the wing are shown in Figure
5.8 for climbing flight and Figure 5.9 for descending flight. The average flight speed and
climb or descent angle are also shown. Note, the climb and descent angles are not angles
of attack, but rather the actual angle from level flight calculated by data from the GPS.
There was a measured increase in speed during descent and a decrease in speed during
climb. There was also a larger variation in climb angle than in descent angle.
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Figure 5.8: Left Wing GPEH Voltage Trace for Three Mounting Positions During
Climbing Flight Including Climb Angle
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Figure 5.9: Left Wing GPEH Voltage Trace for Three Mounting Positions During
Descending Flight Including Descent Angle
The peak voltage amplitudes in climb are significantly less than for cruise and
descent. This is partly due to the slightly lower flight speeds in climb. There is less obvious
differences in the voltage output for the three mounting positions in climb. Based on
gyroscope data, the climb angle for the high mounting position is steeper than for the
middle and low positions. Steeper climbs result in lower peak voltages. The lower
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mounting position still produces a slightly higher peak voltage, most likely due to reduced
wing interference.
The peak voltages for descent have similar magnitudes to cruise and significantly
larger values than for climb. This is most likely due to the slightly higher descent flight
speeds. There is little observable difference in peak voltages based on GPEH mounting
position. This may be due to slightly higher flight speeds offsetting the variations in
descent angle for the various mounting positions.
During both climb and descent, the incident velocity impacts more of the bottom or
top of the bluff body which should reduce the vertical force driving the bluff body galloping
and thus reduce the voltage output. However, flight speed appears to be the primary driver.
For climbing flight, the reduction in peak voltage appears to correlate to the lower flight
speed. For descending flight, the flight speeds were generally higher and produced peak
voltages closer to the cruise values.

5.4 Takeoff and Landing

For completeness, GPEH performance during takeoff and landing was also
investigated. Takeoff included acceleration along the runway, rotation, and climb to cruise
altitude. None of the takeoffs reached speeds above the activation (galloping) speed (15.2
m/s) before the pilot stated that he was at cruise altitude. This means that all voltage
produced by the GPEH during the test takeoffs was random and not oscillatory and that
galloping speed was not reached before cruise altitude was.
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For the purposes of this research, landing began from cruise conditions after the
climb and descent tests were completed. The pilot would vocalize that he was beginning
his landing, and begin descent. Landing data stopped being analyzed after the aircraft
wheels touched down, indicated by a spike in vertical direction accelerometer data. Voltage
data was collected during three landings, as shown in Figure 5.10. The average descent rate
for each flight was found from GPS data and included in the legend of Figure 5.10. The
landing voltage does damp over time, much like the climbing voltage. This is due to the
aircraft decelerating as it descends for touchdown and the jump phenomenon. Voltage
decreases quickly at first because of the rapidly decreasing airspeed. The jump
phenomenon occurs between speeds of 𝑈2 (23.5 m/s; 45.6 knots) and 𝑈1 (23.0 m/s; 44.7
knots) shown on the plots, causing voltage production to drop even more. After passing 𝑈1 ,
voltage production decreases much slower, but voltage maximums stay low compared to
cruise.
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Figure 5.10: Left Wing GPEH Voltage Trace During Landing for Three Descent Rates
The rate of descent measured by the GPS is also shown in Figure 5.10. The descent
rate appears to have minimal effect on GPEH output. The only real difference appears to
be due to the deceleration that occurred, which is shown by the reduction in voltage
produced. The change in altitude was minimal, approximately 40 feet, and had minimal
influence on the galloping of the bluff body. The speed at which the voltage trace data
became random and not sinusoidal was around 15.0 m/s (29.2 knots), which seems to be
consistent with the activation speed calculated previously. Using a hand anemometer, the
speed of the head wind during landing was measured to be .13 m/s (0.25 knots), meaning
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the effective wind speed incident on the bluff body was 15.13 m/s, which is very close to
the calculated value of 15.2 m/s for activation speed.
5.5 Energy Harvester Power

The motivation for incorporating GPEH devices on aircraft is to harvest power from
the surrounding airflow. Using the values of average max voltage for each test flight
segment and the analysis process described in Chapter 2, the maximum power generated
in each flight segment can be calculated using Ohm’s law (Eqs. 2.28 and 3.3) with the
internal resistance of 𝑅 = 100 𝑘𝛺. These values are shown in Table 5.1.
Table 5.1: Flight Test Segment Power and Voltage Comparison (R = 100kΩ)
Flight Mode
Cruise

Left Turn

Right Turn

Descent

Climb

GPEH
Position
Low
Mid
High
Low
Mid
High
Low
Mid
High
Low
Mid
High
Low
Mid
High

Flight Speed
Max Voltage (V)
(m/s)
34.3
16.3
33.9
16.1
34.6
15.8
32.8
13.8
33.3
12.9
32.4
12.7
33.5
15.2
33.1
14.9
33.3
14.3
32.7
13.2
32.6
12.8
33.0
12.8
33.1
11.8
33.7
11.5
33.3
11.1

Max Power (W)
0.0027
0.0026
0.0025
0.0019
0.0017
0.0016
0.0023
0.0022
0.0020
0.0017
0.0016
0.0016
0.0014
0.0012
0.0013

As shown in Table 5.1, the average speeds of the various the flight segments were
within about 6%. However, the maximum voltage and power varies significantly, about 32
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percent. This variance means that the GPEH will not always be performing at peak. The
maximum current generated in cruise by the GPEH in its low mounting position is only
0.16 mA. There are very few things that this energy harvester could run. However, the
current GPEH only uses a single thin sheet of piezoelectric on one side of the beam. A
production GPEH could have a piezoelectric on each side of the cantilever beam, and the
energy harvester on the other wing could contribute its power as well. Such a dual GPEH
system could potentially produce 0.011 watts and .64 mA. Multiple GPEH systems could
also be deployed on an aircraft to possibly generate enough combined power for driving
low power sensors or LED identification lights.
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CHAPTER 6

SUMMARY AND CONCLUSIONS

6.1

Summary
This research considers the application of galloping piezoelectric energy harvester

(GPEH) devices on small UAVs. The GPEH performance during different modes of flight
and at different mounting distance below the aircraft wing were investigated. Each GPEH
consists of a wooden block acting as a bluff body attached to a cantilever beam. This beam
has a piezoelectric strip mounted along its top length. As the beam oscillates under periodic
loads, the piezoelectric strip also bends, generating an alternating current and voltage. The
beam is attached to a mounting system that allows the GPEH to be fixed at different
distances from the wing. As discussed in Chapter 2, theoretical performance data was first
calculated using characteristics of the GPEH device and the assumption that it could be
treated as a mass-spring system. This enabled prediction of the natural frequency of
oscillation ( 𝜔 = 17.39 𝑠 −1 ), activation (galloping) speed ( 𝑈𝑔 = 15.2
hysteresis range associated with the jump phenomena (𝑈1 = 23.0

𝑚
𝑠

𝑚
𝑠

), and the

& 𝑈2 = 23.5

𝑚
𝑠

).

The GPEH was next tested in the UAH low speed wind tunnel under controlled
conditions over a range of airspeeds. The measured galloping speed was 𝑈𝑔 = 15.4
the hysteresis range speeds were measured as 𝑈1 = 22.9

𝑚
𝑠

and 𝑈2 = 23.4

𝑚
𝑠

𝑚
𝑠

, and

. This close

agreement with theory gives confidence that the data acquisition system and the GPEH
were both performing as intended.
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Three UAV test flights were completed, and data was recorded for each. Voltage
was recorded directly from a GPEH mounted under the left wing. The current from a GPEH
mounted under the right wing passed through a bridge rectifier to convert the alternating
current to direct current. The recorded flight data was filtered by the GPS libraries that
smoothed out the curves. Each flight consisted of takeoff, cruise, left and right turns, climb,
descent, and landing. To determine the effect of proximity to the wing, mounting distance
was varied across low (83.82 mm), middle (58.42 mm), and high (33.02 mm) positions
under the wing for each flight test. Data obtained from the flight tests were examined to
determine the performance of the GPEH at different flight conditions.

6.2

Conclusions

The mode of flight clearly impacted the GPEH performance. There were three main
aspects of this: the airspeed of the aircraft; the proximity of the GPEH to the wing; and the
angle of oncoming air to the GPEH bluff body. The speed of the aircraft has the most
significant influence on performance. The bluff body on the end of the cantilever beam
requires a certain airspeed to begin galloping (the activation speed). That airspeed was
estimated for this GPEH at 𝑈𝑔 = 15.2 m/s (29.5 knots). This speed was confirmed in wind
tunnel testing and during flight testing, where speeds lower than 𝑈𝑔 did not exhibit the
sinusoidal oscillatory (galloping) voltage trace.
The speeds for the hysteresis range were measured int the wind tunnel to be 𝑈1 =
23.0 𝑚/𝑠 (44.7 knots) and 𝑈2 = 23.5 𝑚/𝑠 (45.7 knots). Both are very close to the
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theoretical jump speeds. The theoretical natural frequency was calculated and confirmed
by the frequency of oscillation of both the wind tunnel and flight test voltage traces.
Cruise flight produced the highest GPEH voltage output. The maximum average
voltage recorded during flight testing of 16.3 volts was produced by the GPEH during
cruise at the low mounting distance below the wing. The distance from the bottom of the
wing to the bluff body clearly influences max voltage. For each flight mode, the highest
average voltage was always recorded for the low mount position GPEH. Mounting the
GPEH close to the wing appears to hinder the oscillatory motion and reduce voltage output.
This lowers the max average voltage. This was observed for every flight mode, suggesting
that the mounting position of the GPEH has a measurable effect on the maximum voltage
produced. The next highest voltage output was recorded during turns, especially for the
GPEH mounted on the wing opposite the turn (e.g. the left wing GPEH during a right turn).
Descending flight produced lower voltage than all flight modes except climbing flight,
which produced the lowest average voltage. This is likely due to the angle of incident air
on the bluff body. For each of these flight segments, proximity to the wing again produced
lower maximum average voltage.
Average maximum power was calculated from the measured voltage traces using
Ohm’s Law and an internal resistance of 𝑅 = 100 𝑘𝛺. As expected, the most power is
generated in cruise. However, this was only 0.0027 watts. The GPEH only had one
piezoelectric sheet on the beam. Attaching a piezoelectric sheet to both sides of a GPEH
cantilever beam should produce more power for each device. Using two piezoelectric
sheets on each GPEH and mounting one under each wing would potentially produce a total
of 0.011 watts and 0.64 mA for the aircraft. This is still a very small power output. The
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Arduino running the data acquisition system requires between 20 and 40 mA per I/O pin
in use. [13] The current GPEH device cannot run even a single pin of an Arduino, much
less either of the Arduino sensors. In fact, this amount of power would barely allow the
energy harvester to power a single LED at a very dim glow. However, using multiple
GPEHs would scale up the power output.
Estimates using the AAA code indicate the two GPEH devices increase the aircraft
drag by about 1%. Mounting the devices close to the leading edge slightly reduced the
aircraft stability. There was no direct monitoring of the battery powering the aircraft to
determine if the GPEH contributed enough power to compensate for the additional weight
and drag it added. However, the low power produced by the GPEH suggests that it does
not produce enough power alone to compensate for the potential drag increases and
stability reductions.

6.3

Future Considerations
Further investigation of these GPEH devices is still warranted. The location of the

GPEH may change the response of the system. Attaching a GPEH to the fuselage or even
at different spanwise locations on the wings may change its effectiveness and power
generation. The cantilever beam could be changed. Longer beams require less airspeed to
gallop and bend farther, but they also oscillate at a slower rate than shorter beams. A longer
beam GPEH could be developed, characterized, and flight tested. Mounting a GPEH in the
rotor wash of a quad rotor would be interesting to investigate. However, the effects of the
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swirl in the rotor wash may hinder galloping or optimum oscillation. Distance below the
rotor disk plane should also influence this.
The GPEH in this research has been tested in a wind tunnel to show the relationship
between wind speed and voltage. With more robust testing over a range of different angles
of attack and sideslip angles, the GPEH could potentially be used as an aircraft airspeed
sensor to replace pitot-static tubes or as a redundant system for aircraft that have pitotstatic tubes. Flow direction might be more easily determined using a calibrated GPEH. This
application could potentially be more cost effective and weigh less than a pitot-static tube
on aircraft where cost or weight are concerns. A GPEH could also be designed so that the
jump phenomena occurs just above the aircraft stall speed. The sudden drop in voltage
could trigger an early warning system that the aircraft is approaching stall. These
applications are not mutually exclusive from energy harvesting.
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APPENDIX A – MatLab Code for Calculating GPEH Performance Properties

%Author: Chad McConnell
%Thesis: APPLICATION OF GALLOPING PIEZOELECTRIC ENERGY HARVESTERS ON
SMALL UNMANNED AIRCRAFT
%Pupose: Theoretical GPEH Values
%
A1=2.69;
A3=-93.33;
A5=2411.54;
A7=-17617.65;
nu=.03484;
B=.00016668;
a=1;
R=100000;
gamma=.00017085;
U=31:.5:70;
U=U./1.994;
damp=.3421;
c0=A1*nu*U/4-damp-B*sin(gamma)/(2*a);
c1=3*nu*A3./(16*U);
c2=5*nu*A5./(32*U.^3);
c3=35*nu*A7./(256*U.^5);
p=zeros(29, 8);
for n = 1:79
p(n,:)=[c3(n) 0 c2(n) 0 c1(n) 0 c0(n) 0];
end
for i= 1:79
temp=roots(p(i:i,1:8));
idx=imag(temp)==0 & real(temp)>0;
sv=min(temp(idx));
y0(i)=sv;
end

Qmax=-B/a*y0;
dQdt=-2*Qmax/.028755;
V=dQdt*100;
P=V.^2./R;
Vex=[.86 1.7 3.8 4.2 5.3 10.5 11.3 14.1 16.7];
U2=[20 31 40 42 45 47 50 60 70];
U2=U2./1.994;
plot(U,V);
axis([15 40 0 18]);
title('Voltage vs. Speed')
xlabel('Speed (m/s)')
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ylabel('Voltage (V)')
figure;
plot(U,P);
axis([15 40 0 .003])
title('Power vs. Speed')
xlabel('Speed (m/s)')
ylabel('Power (W)')
figure;
plot(U,V,U2,Vex,'x');
axis([15 40 0 18]);
title('Voltage vs. Speed')
xlabel('Speed (m/s)')
ylabel('Voltage (V)')
legend({'Theoretical','Experimental'},'Location','southeast')

63

APPENDIX B – Arduino Code Used for Wind Tunnel and Flight Tests Data
Acquisition

The text in this appendix shows the Arduino code used to gather data from the
galloping piezoelectric energy harvester and the telemetry and GPS modules used to
acquire flight data for this research.
//Telemetry_SD.ino
//
//Chad McConnell
//
//This program is designed to interface with
//an Arduino with a MPU 6050 chip and Adafruit
//GPS breakout board while also
//taking voltage readings from two other sources
#include <SPI.h>
#include <SD.h>
#include<Wire.h>
#include <Adafruit_GPS.h>
#include <SoftwareSerial.h>
//All of these except Adafruit_GPS.h should be default Arduino libraries
const int MPU_addr=0x68; // I2C address of the MPU-6050
const int chipSelect=4; //pin for the SD card
int16_t AcX,AcY,AcZ,Tmp,GyX,GyY,GyZ; //initializing output values
String dataString=" "; //initialize the output string for the .csv file
void setup(){
pinMode(4, OUTPUT);
pinMode(10, OUTPUT);
Wire.begin();
Wire.beginTransmission(MPU_addr);
Wire.write(0x6B); // PWR_MGMT_1 register
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Wire.write(0); // set to zero (wakes up the MPU-6050)
Wire.endTransmission(true);
Serial.begin(9600);
if (!SD.begin(chipSelect)){ //Debug to make sure the card connects before
attempting to write
Serial.println("Card failed.");
return;
}
Serial.println("Card initialized.");
GPS.begin(9600);
GPS.sendCommand(PMTK_SET_NMEA_OUTPUT_RMCGGA);
GPS.sendCommand(PMTK_SET_NMEA_UPDATE_10HZ);
useInterrupt(true);
delay(10);
}

SIGNAL(TIMER0_COMPA_vect) {
char c = GPS.read();
#ifdef UDR0
if (GPSECHO)
if (c) UDR0 = c;
#endif
}
void useInterrupt(boolean v) {
if (v) {
// Timer0 is already used for millis() - we'll just interrupt somewhere
// in the middle and call the "Compare A" function above
OCR0A = 0xAF;
TIMSK0 |= _BV(OCIE0A);
usingInterrupt = true;
} else {
// do not call the interrupt function COMPA anymore
TIMSK0 &= ~_BV(OCIE0A);
usingInterrupt = false;
}
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}

uint32_t timer = millis();
void loop()
{
File data=SD.open("telem.csv", FILE_WRITE); //open the .csv file

if (! usingInterrupt) {
// read data from the GPS in the 'main loop'
char c = GPS.read();
if (GPSECHO)
if (c) Serial.print(c);
}

if (GPS.newNMEAreceived()) {
if (!GPS.parse(GPS.lastNMEA()))
return;
}
Wire.beginTransmission(MPU_addr);
Wire.write(0x3B); // starting with register 0x3B (ACCEL_XOUT_H)
Wire.endTransmission(false);
Wire.requestFrom(MPU_addr,14,true); // request a total of 14 registers
AcX=Wire.read()<<8|Wire.read();
// 0x3B (ACCEL_XOUT_H) & 0x3C
(ACCEL_XOUT_L)
AcY=Wire.read()<<8|Wire.read();
// 0x3D (ACCEL_YOUT_H) & 0x3E
(ACCEL_YOUT_L)
AcZ=Wire.read()<<8|Wire.read();
// 0x3F (ACCEL_ZOUT_H) & 0x40
(ACCEL_ZOUT_L)
Tmp=Wire.read()<<8|Wire.read(); // 0x41 (TEMP_OUT_H) & 0x42 (TEMP_OUT_L)
GyX=Wire.read()<<8|Wire.read();
// 0x43 (GYRO_XOUT_H) & 0x44
(GYRO_XOUT_L)
GyY=Wire.read()<<8|Wire.read();
// 0x45 (GYRO_YOUT_H) & 0x46
(GYRO_YOUT_L)
GyZ=Wire.read()<<8|Wire.read();
// 0x47 (GYRO_ZOUT_H) & 0x48
(GYRO_ZOUT_L)
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long lon = GPS.longitude;
long lat = GPS.latitude;
long londeg = GPS.longitudeDegrees;
long latdeg = GPS.latitudeDegrees;
long aircraftspeed = GPS.speed; //in Knots
long angle = GPS.angle;
long altitude = GPS.altitude;
long ACvoltage=analogRead(A2); //read the AC voltage
long DCvoltage=analogRead(A1); //read the DC voltage
DCvoltage=DCvoltage*5/1023; //Convert readings into actual volts
ACvoltage=ACvoltage*5/1023;
Tmp=Tmp/340+36.53; //Convert temperature to Celcius
dataString=String(millis())+","+String(Tmp)+","+String(AcX)+","+String(AcY)+","+S
tring(AcZ)+","+String(GyX)+","+String(GyY)+","+String(GyZ)+","+String(lat)+","+Stri
ng(lon)+","+String(latdeg)+","+String(londeg)+","+String(aircraftspeed)+","+String(
angle)+","+String(altidude)+","+String(ACvoltage)+","+String(DCvoltage);
data.println(dataString); //Save data to .csv file
data.close(); //Save the .csv file
}
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